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In this article we present milestone developments in quantum information from
historical perspectives. The domain of quantum information is very promising to
develop quantum computer and varieties of quantum applications. We start the
discussion on milestone developments with the era 1970s and finish the discussion
with 2018. We also give the light on experimental manifestations of major theoretical
developments. Further, we present important no-go theorems frequently used in
quantum information along with their respective mathematical proofs.
I. INTRODUCTION
A breakthrough in information theory has been done by Shanon in 1948[1, 2]. The classi-
cal information theory has its practical manifestations in communication systems, computing
devices, gaming, imaging and with several countless applications in real world. The current
developments in technology is unbelievable without the existence of information theory. Be-
fore the establishment of information theory, there was also a major development in 1947;
it is known for the invention of transistor[3], which changed the whole electronics industry.
The breakthrough developments known for transistor and information theory became the
building blocks for revolutionary changes in science technology. Recently emerging quantum
information theory overwhelming its applications in many domains like quantum computa-
tion, quantum communication, quantum cryptography, quantum imaging, quantum gaming
and many others. The formulation of quantum information theory is based on the postu-
lates of quantum mechanics along with the fundamental ingredients as superposition and
entanglement. The efforts to develop quantum computer are on the way by using several
physical techniques. Many companies in the market are eagerly applying efforts to push this
area towards commercialization and to develop quantum computer with different physical
approaches like NMR, Bose-Einestein condensation, Super conducting approach, Ion trap
system, Ultra cold atoms, Majorana fermion etc. So there is a race among all the big compa-
nies to capture the existence of quantum computer, but still the universal quantum computer
2is missing. For practical applications, we need physical systems to store and to process the
information. The microscopic world of various types of qubits is the basic physical sys-
tem which support to process the quantum information. We may fire a natural question,
can we store and process the information in these physical systems more efficiently than
classical one? And what are the physical constraints responsible to execute the quantum
information[4, 5]? The efficient Information storage and its processing in the microscopic
world can be handled by the principles of quantum mechanics. It is always interesting to
discover the feasible and non-feasible physical situations which play the important role to
execute the quantum information and designing the quantum protocols. So, investigating
the situations which are not possible is also an important paradigm. These impossible phys-
ical conditions are expressed by no-go theorems[6, 7]. Before applying the fruitful efforts to
develop any quantum application it is always good to keep in view the structure of no-go
theorems; which is always helpful to tackle the feasibility and non-feasibility of physical situ-
ations. On the other hand, towards the development of quantum computer, there are always
challenges to manipulate and control the qubits and to protect these from decoherence. The
phenomenon of decoherence is the killer of superposition in quantum systems and restrict
to perform perfect quantum computation. But gradual efforts in quantum information are
on the way to tackle the problem of efficient quantum information manipulation in varieties
of physical systems. Recent developments in quantum computation is very progressive and
rapid than the past historical developments. So, in this direction it is very important to
understand the gradual milestone developments and track these; which may be useful to
perform further progress in the future. In the following sections, we present major devel-
opments with theoretical aspects and touching the experimental discussions as well. We
managed the time periods of developments in slots. The first time slot is dealing with 10
years and rest of the time slots deal with 9 years each to maintain the continuity. In these
slots we presented gradual milestone developments over the corresponding time period of
the slot. Here it is mention that, we are emphasized to discuss the milestone developments
only, however there may be many others developments in parallel during each era. The
sections begin with the era of 1970s; when the emergence of computation has been modeled
with the concept of reversible computation and tour the article with the important major
developments till the date mentioned as 2018.
II. DURATION (1970-1980)
This period is most significant for the theoretical development in quantum information
and known for producing the idea of reversible computation by C. H. Bennett[8] and famous
Holevo’s theorem[9]. Inspiring idea of reversible computation has been carried out by Toffoli
to invent the first reversible quantum gate. This gate is called as CNOT gate, which is also
known as reversible XOR gate; this development became the foundation of quantum circuit
3model[10] in quantum computation. Another milestone development in the same era is
the foundation of Holevo bound. Alexander Holevo has established the upper bound of an
amount of information that can be contained in a quantum system by using the particular
ensemble[9]. After three years of publishing Holevo bound, one of the first attempts to
create the quantum information theory is made by Roman Stanislaw Ingarden; a Polish
mathematical physicist; by publishing a seminal paper entitled as “Quantum information
theory” in 1976[11]. This work generalizes Shannon’s information theory[12] in the formalism
of quantum mechanics of open systems. With the progress of quantum information theory,
the idea towards quantum computing is proposed by Yuri Manin[13] in 1980 in his book
entitled as “Computable and Uncomputable”. The work done by Yuri Manin opened the
further research avenues in quantum computation.
III. DURATION (1981-1990)
The time period (1981-1990) deals with the milestone development of no-cloning theorem.
In 1982, a major result of no-cloning in quantum physics is discovered by William Wootters
and Wojciech Zurek[14] and independently by Dennis Dieks[15]. The no-cloning theorem
states that, it is not possible to clone an unknown quantum state. This theorem became
the milestone for quantum information. We are inclined to discuss this theorem with its
proof in sect (7.2). With this majour development, Paul Benioff proposed a first theoretical
model for quantum computation based on quantum Hamiltonian[16]. He did first attempt
to quantize the Turing machine and the framework of quantum Turing machine has taken
place. The concept of entanglement has already taken birth during 1935 and 1936 with the
debate of Albert Einstein and Erwin Schrdinger [17, 18]. The advantage of entanglement
and no-cloning theorem together captured the discovery of quantum cryptography done by
Artur Ekert in 1991[19]. The development of quantum cryptography open the new filed of
secure quantum communication, which is very promising to this date.
IV. DURATION (1991-2000)
This era of this period extensively contributes in the development of entanglement-based
quantum algorithms. In 1992, David Deutsch and Richard Jozsa proposed a deterministic
quantum algorithm to test weather a function is balanced or constant by using black box
model in quantum computation[20]. With the continuation of this work, a first milestone
quantum algorithm is formulated by Peter Shor at Bell Labs, New Jersey in 1994 and pub-
lished in 1997[21]. The algorithm allowed a quantum computer to factor an integer very
fast and run in polynomial time. This algorithm is quite useful to break the public-key
cryptographic schemes as RSA scheme[23]. Meanwhile, to the developments on quantum
algorithms, Peter Shor and Andrew Steane proposed the schemes for quantum error correc-
4tions in 1995[22, 24]. Quantum error corrections protocols are used to protect the quantum
information from decoherence and essentially needed for quantum computation. After the
discovery of Peter Shor algorithm, Lov Grover invented the quantum database search algo-
rithm in 1996[25] at Bell Labs. Which is the fastest database search algorithm and landmark
in quantum computation. Here we mention that the period of (1990-1997) has been recog-
nized as the golden period for theoretical as well as experimental developments in quantum
computation. Beside the quantum algorithms development, there is also an important pro-
tocol discovered called quantum teleportation, which is proposed by C. H. Bennett et al.
in 1993[26]. The same has been experimentally verified in 1997[27]. During 1997 onwards
the scientific community strongly focused on experimental manifestations of quantum in-
formation around the world. The first experimental approach to realize the quantum gates
by using nuclear magnetic resonance (NMR) technique is performed by Neil Gershenfeld
and Isaac L. Chuang in 1997[28]. NMR technique came out as a useful resource to produce
fruitful experimental manifestations of quantum computation. In 1998, the first execution
of Deutsch-Jozsa algorithm was performed by using NMR technique, this has been done by
Jonathan A. Jones and Michele Mosca at Oxford University and shortly after by Isaac L.
Chuang at IBM’s Almaden Research Center together with co-workers at Stanford University
and MIT[29]. In the same year Grover’s algorithm also experimentally verified with NMR
quantum computation[30]. This experimental development encouraged the further investi-
gations. Beside the theoretical and experimental manifestations it was also major interest
to look into some physical situations which are not feasible like in non-cloning theorem. To-
wards this direction, in 2000, there is one important quantum no deleting theorem is proved
by Arun K. Pati and Samuel L. Braunstein, which states that given two copies of arbitrary
qubits one cannot delete a copy of an unknown qubit. This theorem has its own important
implications in quantum information[31]. We are inclined to discuss this theorem in sect
(7.3).
V. DURATION (2001-2010)
This period is well known for the role of quantum optics in quantum information, in par-
allel with another major developments towards the implementation of quantum networks. In
2001, first experimental execution of Shor’s algorithm at IBM’s Almaden Research Center
and Stanford University was implemented by using NMR technique[32]. The number 15
was factored by using 1018 identical molecules in NMR. In the same year, the scenario of
optical quantum computing has been started. Emanuel Knill, Raymond Laflamme and Ger-
ard Milburn showed that optical quantum computing is possible with single photon sources,
linear optical elements and single photon detectors[33]. They also have shown that quan-
tum teleportation can be performed with beam splitters by using photonic qubits. Their
contribution opened the avenues of usage of optics in quantum information. The role of
5optics is very promising now a days to establish long distance quantum communication.
The implementation of quantum gates with optics is an essential requirement to perform
quantum computation. In this direction, quantum controlled-Not gates using linear optical
elements has been developed by Todd D. Pittman and collaborators at Applied Physics
Laboratory, Johns Hopkins University in 2003[34]. The similar results have been produced
independently by Jeremy L. O’Brien and collaborators at the University of Queensland[35].
Quantum optics not only had its applications in quantum cryptography but DARPA Quan-
tum network also became operational by using optical fibers supporting the transmission
of entangled photons[36]. Quantum networks use the protocol called quantum repeater for
long distance quantum communication to overcome with the decoherence. These quantum
repeaters transmit the quantum states to receiver with the help of quantum memories. The
recognizable framework of quantum optics with atom-photon interaction proved to be a
successful framework and assisted to develop quantum memories[37], which are essential
to establish quantum Internet[38]. In 2005, Harvard University and Georgia Institute of
Technology; researchers succeeded in transferring quantum information between “quantum
memories” from atoms to photons and back again[39]. Along with the advancement of
quantum networks, the concept of distributed quantum computing [40] has taken place and
a protocol called quantum telecloning is proposed by M. Murao et al. in 2006[41]. This
is the protocol in which the optical clones of an unknown quantum state are created and
distributed over distant parties. Samuel L. Braunstein at the University of York along
with the University of Tokyo and the Japan Science and Technology agency gave the first
experimental demonstration of quantum telecloning in 2006[42]. Quantum networks and
quantum repeaters attracted much attention of quantum community, hence along this line
of research the concept of entanglement swapping[43] is developed by Stefano Pirandola et
al. in 2006, which has its important application in quantum repeaters. Beside the devel-
opments on quantum memories by using the optical techniques, there was also interest to
develop the same by using the condensed matter approach. It is done in 2007 by using the
Bose-Einstein condensation [44]. Till 2007, the experimental manifestation of two qubits
entanglement is successfully performed, but entanglement in hybrid systems also attracted
the attention of quantum community. Much progress has been done in 2008 to perform
photonic qubit-qutrit entanglement[45]. In the direction of implementation of quantum net-
works and towards the reality of quantum Internet, the logic gates have been implemented
in optical fibers by Prem Kumar, which became the foundation of quantum networks[46].
Apart from quantum networks the quantum community also shown the interest in develop-
ing quantum processors mainly by using two approaches, solid state and quantum optics.
Along the line of research on quantum processors, a breakthrough is achieved for the devel-
opment of spin-based electronics in silicon and a model of quantum transistor[47], which is
inspired with the work entitled as “Single atom transistor” done in 2004[48]. Towards the
development on quantum processors, there is also one more important proposal in the year
2007 by D-Wave Systems which proposed 28 qubits quantum computer based on quantum
6annealing[49]. The quantum annealer has experimental manifested now and commercially
available. The race of developing quantum processors also started by using optical tech-
niques. The ions were trapped in the optical trap and the two-photon optical chip was
developed in 2009[50]. Along the line of research on quantum optics and its applications in
quantum information, the experimental manifestations of quantum algorithms were still on
the way by using new emerging quantum techniques. With the advancement of photonic
chip in 2009, in the same year scientific community implemented Shor’s quantum factoring
algorithm on a photonic chip[51]. First time the use of Deutsch’s Algorithm in a cluster
state quantum computer is achieved in 2007[52]. Till 2000, the entanglement was the major
quantum correlation to execute quantum information, on the other hand another important
quantum correlation called quantum discord has been discovered by H.Ollivier and W. H.
Zurek in 2001[53]. Quantum discord is a measurement based quantum correlation, which
also has its role in quantum information and further experimental investigations in terms of
its applications are on the way.
VI. DURATION (2011-2018)
The continuity of past developments in quantum information and its experimental man-
ifestations are maintained in this era with two major center of interest; how to develop
efficient quantum processors and how to increase the coherence time in quantum systems?
On the other hand few past records also broken in this era. With this continuity, In 2011,
the von Neumann‘s architecture was employed in quantum computing with superconduct-
ing approach[54]. This work contributes in developing quantum central processing unit that
exchanges the data with a quantum random-access memory integrated on a chip. There
was a breakthrough in 2014 as the scientists transfer data by quantum teleportation over
a distance of 10 feet with zero percent error rate, this was a vital step towards a feasible
quantum internet[55]. In the same year, Nike Dattani and Nathan Bryans break the record
for factoring the largest number 56153 using NMR by using 4 qubits only on a quantum
device which breaks the record established in 2012 for factoring the number 143[56]. After a
long journey for development in quantum computation still there are many theoretical and
experimental open problems inherited in the essence of quantum information. One of the
major issues is controlling entanglement and its manipulation in many quantum systems and
protect it from decoherence[57]. There have been gradual efforts to increase the coherence
time in 2015, the coherence time has been increased up to six hours in nuclear spins[58].
With the advancement of quantum processors, there is breakthrough in 2017 by D wave sys-
tems. The company developed commercially available quantum annealing based quantum
processor, which is fully functional now and have been used for varieties of optimization
problems[59] and has applications in quantum machine learning. With the connection of
improving coherence time and deeper theoretical investigations on entanglement, here we
7mention that entanglement is a fragile phenomenon and very sensitive to quantum measure-
ments and environmental interactions. It may die for a finite time in a quantum system and
alive again as time advances. This phenomenon is called entanglement sudden death (ESD)
which is investigated by Yu-Eberly[60–67]. The phenomenon of ESD is a threat to quantum
applications, so overcoming from it is again an issue and needs fruitful solutions. Dur-
ing the period 2011-2018, there is vast research on entanglement and related aspects such
as distillable entanglement and bound entanglement in quantum information theory[68].
Quantum community has investigated various mathematical tools of entanglement detec-
tions and quantification, distillable protocols, monogamy of entanglement[69–72]. However,
these aspects are lacking for higher dimensional quantum systems. The efforts of quantum
community is always to search the quantum systems which can sustain long coherence time,
which is an important topic of research.
VII. DEVELOPMENT ON NO GO THEOREMS
Under this section we provide the developments for important no-go theorems in quan-
tum information. No-go theorem implies the impossibility of a particular physical situation.
These theorems have the major impact on the experimental development of quantum in-
formation. All these theorems are developed by taking the linear property of quantum
mechanics. Here in the following subsections we discuss important no-go theorems with
their corresponding proofs.
A. Bell’s theorem
Bell’s theorem[73] is the no go theorem, which has its own beauty in quantum mechanics.
This theorem states that, “No physical theory of local Hidden Variables can ever reproduce
all of the predictions of Quantum Mechanics”. Bell’s theorem has strong connection with
EPR paradox. As per Einstein[74], a particle must have a separate reality independent of
the measurements. It means, an electron has spin, location and so forth even when it is
not being measured, this is called realistic point of view. On the contrary there is another
point of view called as orthodox view, which state that, the measurement is responsible
to create the attribute of the particle, which do not exist before measurement. Here we
express EPR paradox with an example which points towards the elements of reality. Let
consider a splitting of pi meson in two anti particles so called electron (e) and positron (p).
Conservation of angular momentum demands that total spin will be zero, so the electron
and positron composite wave function should be in singlet configuration as below,
|ψ〉 = 1√
2
(|01〉+ |10〉) (1)
8Where |0〉 is the spin down state and |1〉 is the spin up state of particles. If one needs to
perform the measurement on electron (e) and positron (p) with their respective detectors
De and Dp. Here we assume that both the detectors are in same direction for both particles.
The measured state of either particle is just opposite to the another particle and vise versa.
The measurement on one particle influence the state of other particle, but that influence
do not travel faster than the speed of light, this is called ”locality principle”. EPR named
it “spooky action at a distance”. With this phenomenon, EPR expected that there are
hidden variables (λ) associated with the wave function (ψ), which form the “elements of
reality”[75]. But we do not have any information how to calculate these hidden variables
or measure these. Bell looked into this problem in different way and concluded that hidden
variables are unreasonable and this is matter of opinion which does not have any proof.
As per Bell’s opinion the existence of local hidden variables needs specific requirements
which is not clearly obvious. Bell’s established the famous inequality[76]; so called Bell’s
inequality, which is related to electron spin. He generalized the measurement tests done
in EPR experiment. He oriented the detectors (De, Dp) in different directions rather than
a fix direction for both the particles electron (e) and positron (p). He allowed them to
rotate independently and measured the average values of the product of the spins with
the orientation angle between the detectors. Let we make the experimental setup of the
detectors (De
1
, D
p
2
) along the directions of unit vectors (m,n) respectively. We collect the
measurement data (dei , d
p
i ) for each measurement (1 < i ≤ l) and calculate the product
(dei .d
p
i ). Now we find the average of this product as
P (m,n) =
∑l
i=1(d
e
i .d
p
i )
l
(2)
Here we write, the measurement data takes the following values.
(dei , d
p
i ) = (±1,±1) (3)
Let suppose, both the detectors are parallel ie. (m = n), than we can have the average of
the product as,
P (m,m) = −1 (4)
If the detectors are anti parallel (m = −n), then the average of the product is given by,
P (m,−m) = +1 (5)
For arbitrary orientations of the detectors, we can write as,
P (m,n) = −m.n (6)
Where (.) is the dot product between the unit vectors (m,n). The above Eq. 6 is the
general prediction of quantum mechanics. This prediction is disproved by Bell’s inequality
and prove the impossibility of theory of hidden variables. To proceed the proof of Bell’s
9inequality let assume, there exists hidden variable(s) (λ), which may vary and may not be
controlled. So there exists the functions for the measurement directions (m,n) such as,
M(m, λ) = N(n, λ) = ±1
With the conditions,
[M(m, λ)]2 = [N(n, λ)]2 = 1 (7)
If both the detectors are aligned than the results are anti-correlated, hence we can write,
M(m, λ) = −N(m, λ), ∀λ (8)
or
M(n, λ) = −N(n, λ), ∀λ (9)
Simply the average of the product of the measurements can be written as below,
P (m,n) =
∫
g(λ)M(m, λ)N(n, λ)dλ (10)
Where g(λ) is the probability density distribution of the of hidden variables (λ), which
satisfy the normalization condition ∫
g(λ) = 1 (11)
By using Eq.9, the Eq. 10 can be re-written as,
P (m,n) = −
∫
g(λ)M(m, λ)M(n, λ)dλ (12)
Let we assume another arbitrary unit vector r, so we can write another measurement average
equation as,
P (m, r) = −
∫
g(λ)M(m, λ)M(r, λ)dλ (13)
Subtracting the Eq 13 from Eq. 12, we get,
P (m,n)− P (m, r) = −
∫
g(λ)[M(m, λ)M(n, λ)−M(m, λ)M(r, λ)]dλ (14)
= −
∫
g(λ)[M(m, λ)M(n, λ)−M(m, λ)(1)M(r, λ)]dλ (15)
= −
∫
g(λ)[M(m, λ)M(n, λ)−M(m, λ)([M(n, λ)]2)M(r, λ)]dλ (16)
= −
∫
g(λ)[1− (M(n, λ)M(r, λ)]M(m, λ)M(n, λ)dλ (17)
Here the factors takes the following values,
− 1 ≤ {M(m, λ)M(n, λ)} ≤ 1 (18)
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and
g(λ)[1− (M(n, λ)M(r, λ)] ≥ 0 (19)
Hence,
|P (m,n)− P (m, r)| ≤
∫
g(t)[1− (M(n, λ)M(r, λ)]dλ (20)
Or,
|P (m,n)− P (m, r)| ≤ 1 + P (n, r) (21)
Eq.21 is the famous Bell’s inequality. The quantum mechanical assumption given in Eq.6
is incompatible to this inequality. Let assume all the three vectors (m,n, r) are in a same
plane such that the vector (r) makes 45
◦
angle with each of the vector m and n. So applying
the Eq.6 we get,
P (m,n) = 0, (22)
P (m, r) = P (n, r) = −0.707, (23)
(24)
But on the contrary bell’s inequality present in Eq.21, gives the following result,
0.707 
 0.293. (25)
Which indicate that Einstein’s radical idea of “elements of reality” which incorporate hidden
variables with the wave function, is wrong. Bell’s theorem is a landmark theorem in quantum
mechanics but does not imply the existence of any nonlocality in quantum mechanics itself.
B. No-Cloning theorem
The no-cloning theorem states that one can not create an identical copy of an arbitrary
unknown quantum state, the theorem is true for pure states. No-Cloning theorem is pro-
vided by Park in 1970, further re-investigated in 1982 by Wootters et al. and by Dieks
separately[78, 79]. This is the same year in which the development on quantum computing
models has been very much active. The theorem of quantum cloning is easy to prove. Here
we give two proofs of this theorem by using the property of unitary operation and another
by using the linearity property of the quantum mechanics.
C. Proof 1:
Here we present the proof of no-cloning theorem by using the property of unitary opera-
tion. Consider two pure states as |ψ〉, |φ〉 and a blank state |b〉. Mixing each pure state with
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blank state and perform the unitary operation which has the goal to copy the pure state
into a blank state. So we get,
U(|ψ〉 ⊗ |b〉) = |ψ〉 ⊗ |ψ〉 (26)
U(|φ〉 ⊗ |b〉) = |φ〉 ⊗ |φ〉 (27)
Taking the complex conjugate of both the sides of both the above equations, we get,
(〈ψ| ⊗ 〈b|)U † = 〈ψ| ⊗ 〈ψ| (28)
Multiplying the left and right sides of Eq.28 and Eq.27, we get,
(〈ψ| ⊗ 〈b|)U †U(|φ〉 ⊗ |b〉) = (〈ψ| ⊗ 〈ψ|)(|φ〉 ⊗ |φ〉) (29)
We know U †U = I, which further leads,
〈ψ|φ〉 = 〈ψ|φ〉2 (30)
The equation is conflicting, hence it is true with only two cases, either 〈ψ|φ〉 = 0, or
|ψ〉 = |φ〉. These conditions reveal that there is no unitary operation which can be used to
clone the arbitrary quantum state (hence proved).
D. Proof 2:
Here we present the proof by using the linearity property of quantum mechanics. Suppose
there exists a perfect cloning machine, which can copy an unknown pure quantum state |ψ〉,
it can be defined as,
|ψ〉|Σ〉|A〉 = |ψ〉|ψ〉|A〉 (31)
Where |Σ〉 is the blank state in which the state |ψ〉 is to be copied and |A〉 is the auxiliary
state. If the state |ψ〉 is prepared in |0〉 and |1〉 respectively, than the following equations
will takes place,
|0〉|Σ〉|A〉 = |0〉|0〉|M(0)〉 (32)
|1〉|Σ〉|A〉 = |1〉|1〉|M(1)〉 (33)
Lets consider the pure state as |ψ〉 = α|0〉+ β|1〉, than the cloning machine takes place as,
(α|0〉+ β|1〉)|Σ〉|A〉 = α|00〉|M(0)〉+ β|11〉|M(1)〉 (34)
On the other hand the Eq.34 can also be solved by using the Eq.31 as below,
(α|0〉+ β|1〉)|Σ〉|A〉 = (α2|00〉+ β2|11〉+ αβ|01〉+ αβ|10〉)|M(|ψ〉)〉 (35)
Here we conclude that, Eq.34 and Eq.35 are not same and hence this result claims that
cloning is not possible of pure states. In case the quantum state is mixed state rather than
pure, than the generalization of no cloning theorem is treated by no-broadcasting theorem,
which we are intended to deal in next section.
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E. No-Broadcast theorem
The generalized framework of pure state no cloning theorem is treated with No-Broadcast
theorem. The first attempt to prove that non commutating mixed state can no be broadcast
is done by Barnum et al.[80]. Further extensions on No-broadcast theorem is done by many
authors, to look into broad view of No-broadcasting and different paradigms, we suggest the
reader to loon into the references [80–85] for broad spectrum. Here we present the Barnum
et al. idea, as per Barnum et al., a set of quantum states A = {ρs} from a source can be
broadcast to a target (Σ) if and only if the states in the set A commutes. The composite
system of source and target (S ⊗ T ) can go through a physical process to broadcast the
quantum state to target with the following broadcasting machine,
(ρs ⊗ Σ) 7−→ P (ρs ⊗ Σ) = ρout (36)
Where (P ) is a physical process and (ρout) is the output state which satisfy the following
conditions.
Ptrs(ρout) = ρs (37)
Ptrt(ρout) = ρs (38)
The operation (Ptr) denotes the partial traces over the subsystems s and t respectively. Here
we recall that, the core result shown by Barnum et al. is that, the set A can be broadcast
if the states in this set A commutes.
F. No-Deleting theorem
The No-Deletion theorem states that; given two copies of arbitrary quantum states[86],
then it is impossible to delete one of these. The process of quantum deletion is different
than quantum erasing. Let we define the quantum deleting machine as follows,
U(|ψA〉|ψB〉|AC〉) = |ψA〉|0B〉|AxC〉 (39)
On the left-hand side of the equation, U is the unitary operation on the composited system
(ABC). For right-hand side of the equation, the term |0B〉signify the deletion of the state
|ψB〉 and |AxC〉is the transformed auxiliary qubit. Let assume both the qubits |ψA〉 and |ψB〉
are in same states then the deleting machine takes place,
U(|0A〉|0B〉|AC〉) = |0A〉|0B〉|Ax1C 〉 (40)
and
U(|1A〉|1B〉|AC〉) = |1A〉|0B〉|Ax2C 〉 (41)
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Let assume, the state of two arbitrary unknown qubits are assumed in the same state as,
|ψA〉 = α|0A〉+β|1A〉 and |ψB〉 = α|0B〉+β|1B〉 respectively. Now implementing the deleting
machine, we get,
U(α|0A〉+ β|1A〉)(α|0B〉+ β|1B〉)|AC〉 = α2|0A0B〉|AC〉+ β2|1A1B〉|AC〉
+αβ|0A1B〉|AC〉+ βα|1A0B〉|AC〉 (42)
Using the Eqs.40 and 41 we get,
U(α|0A〉+ β|1A〉)(α|0B〉+ β|1B〉)|AC〉 = α2U(|0A〉|0B〉|Ax1C 〉) + β2U(|1A〉|0B〉|Ax2C 〉)
+(αβU |0A1B〉+ βαU |1A0B〉)|AC〉 (43)
= α2|0A〉|0B〉|Ax1C 〉+ β2|1A〉|0B〉|Ax2C 〉+ (
√
2αβ)(
1√
2
)(|0A1B〉+ |1A0B〉)|AC〉 (44)
= α2|0A〉|0B〉|Ax1C 〉+ β2|1A〉|0B〉|Ax2C 〉+
√
2αβ|ζAB〉 (45)
Where
|ζAB〉 = ( 1√
2
)(|0A1B〉+ |1A0B〉)|AC〉 (46)
As per the deleting machine the output should be,
U(|ψA〉|ψB〉|AC〉) = (α|0A〉+ β|1B〉)|0B〉|AxC〉 (47)
So we conclude that, the output in the Eq. 45 and the output in Eq. 47 are not equal, hence
the machine do not delete the arbitrary unknown qubit.
G. No-Teleportation Theorem
In quantum information, the no teleportation theorem[87] states that neither an arbitrary
quantum state can be converted in a sequence of classical bits nor the classical bits can
create original quantum state. This theorem is the consequence of no-cloning theorem. If
an arbitrary quantum states allow producing sequence of classical bits, then as we know
the classical bits can always be copied and hence the quantum state also can be copied,
which violate the no cloning theorem. So the conversion of an arbitrary quantum states
in sequence of classical bits is not possible. Theorem is simple to prove. The similarity
of two states is defined as; two quantum states ρ1 and ρ2 are identical if the measurement
results of any physical observable have the same expectation value for ρ1 and ρ2. Let prepare
an arbitrary mixed quantum state ρinput, now perform the measurement on the state and
obtain the classical measurement results. Now by using these classical measurement results
the original quantum states is recovered as ρoutput. Both the input and output states are not
equal, ie.,
ρinput 6= ρoutput (48)
This result is irrespective to the state preparation process and measurement results outcome.
Hence Eq.48 proves, one can not convert an arbitrary quantum states in a sequence of clas-
sical bits. The theorem does not have any relation with the protocol quantum teleportation.
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H. No-communication Theorem
No communication theorem[88, 89] is also known as the no-signaling principle. The
theorem captures the essence, such that the measurement action performed at the end of
Alice is not detectable by Bob at his end. This is true in both the cases weather the
composite state of Alica and Bob is separable or entangled. Let we first consider the case
when composite state is separable. Assume the composite state of Alice and Bob is ρ and
Alice perform the measurement on his end. The measurements performed by Alice can be
modeled by Kraus operators, these may not be commuting. Let suppose the Kraus operators
at the end of Alice are {Am}. Now the probability of measurement outcome x can be easily
written in the formalism of Kraus operators as,
px =
∑
m
Tr(AxmρA
†
xm) = Tr[ρVx] (49)
where
Vx =
∑
x
A†xmAxm (50)
∑
x
Vx = 1 (51)
Let assume the Kraus operators at the end of Bob are {Bn}. The probability of measurement
outcome y at the end of Bob, irrespective to what Alice has found; is given as,
py =
∑
x
Tr(
∑
mn
BynAxmρA
†
xmB
†
yn) (52)
The order of measurements on composite system does not matter, so the following commu-
tation relation should satisfy,
[Axm, Byn] = 1 (53)
By using the Eq. 52, the Eq. 53 can be written as,
py =
∑
x
Tr(
∑
mn
AxmBynρB
†
ynA
†
xm) (54)
Using the cyclic property of trace operation and expanding the summation we obtain,
py = Tr(
∑
n
BynρB
†
yn) (55)
In this equation all the operators of Alice disappear, so Bob is not able to detect which
statistics of measurements Alice has been performed at his end. Hence, the statistics of
measurements at the end of Bob has not been effected by Alice also whatever Alice has been
performed. The no communication theorem is trivially for separable case, but it can also
be true if the composite state is entangled. Let consider the composite state is entangled
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which is prepared in singlet state given in Eq.1. Alice and Bob perform the measurements
at his end by using the detectors (DA, DB) respectively. Following the Bell’s experiment,
the detectors are oriented initially along the z axis and rotated independently at the end
of Alice and Bob. Let consider the difference between the angles of detectors is (α −
β), then quantum mechanically on can calculate the following conditional probabilities of
measurements outcome
{A(0), B(0)}, p00 = 1
2
sin2(
α− β
2
) (56)
{A(0), B(1)}, p01 = 1
2
cos2(
α− β
2
) (57)
{A(1), B(0)}, p10 = 1
2
cos2(
α− β
2
) (58)
{A(1), B(1)}, p11 = 1
2
sin2(
α− β
2
) (59)
The following normalization condition is satisfied over the probabilities given below,
P00 + P01 + P10 + P11 = 1 (60)
Calculating the probabilities of measurement outcome as spin up (|1〉) and spin down (|0〉)
at the Alice end,
PA
1
= P11 + P10 =
1
2
(61)
PA
0
= P01 + P11 =
1
2
(62)
Similarly we can calculate in the case of Bob as (PB
1
= PB
0
= 1
2
). We observe that, the
probabilities of measurement outcomes are totally independent to the difference between
the angles (α− β). So the actions performed of measurements at either end of Alice or Bob
are not detected at another end and vice versa. This is the essence of no- communication
theorem.
I. No-Hiding Theorem
No-hiding theorem[90] is an important theorem in quantum information, which also in-
dicates the conservation principle of quantum information. The idea of no hiding theorem
comes from the one time cipher protocol. The protocol is used to send the message by
adding the random key in real information. Shanon proved that the original information
neither reside in encoded message nor in the key, so where the information is gone? In
the process of one time cipher pad method the information is hidden in the correlations
of original information and key. One can think the same scenario in quantum mechanical
sense. The teleportation can be assumed as a quantum analogue of one time cipher method.
In teleportation, there are two parties Alice and Bob both share an entangled state; Alice
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apply few unitary operations at his end and send the measurement results to Bob. Bob
apply corresponding measurements and recover the information. In this whole process, the
decoherence is missed., as quantum systems are too evasive and always decoherence prone.
If, one has to consider the decoherence in teleportation process than Alice might be inter-
acting with the environment. If a quantum system is interacted with an environment in the
form of ecoherence, the environment destroy the information. So a natural question arises;
where the lost information from the original system has gone? In quantum mechanical case
it does not reside in correlations. This idea leads to the ”No-hiding theorem”. Here the
original information resides in the subspace of the environmental Hilbert space and not the
part of correlation of the system and environment. To proceed the proof of no hiding theo-
rem, let consider an arbitrary input quantum state ρI , after encoding into a larger Hilbert
space. With respect to a hiding process, there exists an output state σO into a subspace O,
both the subspaces (I, O) are the part of larger Hilbert space. The rest of the portion of
larger Hilbert space is called as ancilla space A. The hiding process perform the following
mapping,
ρI 7−→ σO, (σ fixed ∀ρ) (63)
Here we assume the input state in the subspace (I) is a pure state. A hiding process of this
pure state can be considered by taking into account the sub-spaces (O,A), hence it can be
written simply as a map given below,
|ψI〉 =
n∑
i=1
√
pi|i〉O ⊗ |An(ψ)〉A (64)
The right had side in the above equation is the Schmidt decomposition. Here pi are the
positive eigenvalues of the state σO and (|i〉) are its eigenvectors. The set of basis (|i〉, |An〉)
are orthonormal basis. By imposing the restriction on the ancila and taking into account
its linear property, we can write as follows,
|ψI〉 =
n∑
i=1
√
pi|i〉O ⊗ (|qn〉 ⊗ |ψ〉 ⊕ 0)A (65)
Here we see, since we may swap the state |ψ〉 with any other state in the ancilla using purely
ancilla-local operations, we conclude that any information about |ψ〉 that is encoded globally
is in fact encoded entirely within the ancilla. Neither the information about |ψ〉 is encoded
in system-ancilla correlations nor in system-system correlations.
VIII. CONCLUSIONS
In this article, we discussed milestone developments in quantum information. It covers
the beginning of quantum information and computation based on the idea of reversible
computing and quantum Turing machine. We captured the experimental manifestations of
17
theoretical developments as well. In addition we discussed physical situations, which are not
possible in no-go theorems with their mathematical proof. These theorems have their own
important consequences for execution of quantum information and in designing in quantum
protocols. Covering the broad aspects of milestone developments in this article may be
useful for the quantum community.
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